Silver-copper ionization was used for controlling Legionella distribution in a German university hospital hot water plumbing system for 4 years. In the beginning, silver concentrations were not allowed to exceed 10 mg/L because of drinking water regulation limits in Germany. Water samples were monitored for Legionella counts, temperature, and silver and copper concentrations. A significant ( ) 3.8-log reduction of Legionella counts, from 40,000 P ! .001 cfu/L to 7 cfu/L, was found during the first year with silver-copper ionization. Nevertheless, the long-term efficacy of silver concentrations !10 mg/L was not sufficient. Legionella counts increased to 10,000 cfu/L during the third year. During the fourth year, we studied the influence of higher silver concentrations on Legionella distribution. With an average silver level of 30 mg/L, only a 1.3-log reduction in Legionella, to 500 cfu/L, was achieved. The effect was not significant ( ); therefore, it must be considered that Legionella developed a tolerance P = .071 to silver ions.
Four Years of Experience with Silver-Copper Ionization for Control of Legionella in a German University Hospital Hot Water Plumbing System

Materials and Methods
The study was undertaken in a 750-bed university hospital complex. The peripheral buildings are about 400 m away from the central warm-water supply. The central water distribution system temperature of 60ЊC-65ЊC could not be maintained at the peripheral buildings (temperature, 40ЊC-50ЊC) because of the long distance.
The chemical and physical parameters of the hot water system complied with the German drinking water regulation mean values during 1992-1997: 1.56 mmol /L (hardness); pH, 7.8; We installed 2 silver-copper ionization units (Tarn-Pure; PanIonic, Buchs, UK) made of 60% silver and 40% copper. One was installed in a bypass of the general feed line at the central hot water station (unit I), and the other was installed in a bypass of the hot water feed line of the peripheral buildings (unit II).
The study period comprised 2 sections. In section A (August 1993 until March 1996) the silver-copper units were operated with an average current of 0.6 A (unit I) and 0. 25 A (unit II). Because of corrosion of the electrodes, new ionization units of identical construction were installed in August 1996. In section B (August 1996 until August 1997) the silver-copper units were operated with an average current of 2 A (unit I) and 1.5 A (unit II), to give higher metal concentrations.
Samples from 4 critical points were analyzed: (1) central hot water feed line, (2) central hot water return line, (3) tap 1 in the peripheral areas, and (4) tap 2 in the peripheral areas. Frequency of sample collection was at least quarterly. Four to 24 samples were analyzed per year. Before installation of the silver-copper units, Legionella and the temperature had been measured regularly for 1 year. Silver, copper, and chlorine concentrations in the water were also determined before installation.
Before sampling, the water was allowed to run for 5-10 minutes Figure 1 . Legionella pneumophila counts (cfu/L; shaded bars) and water temperature (ЊC; white bars) in hot water system of a university hospital, with use of silver-copper ionization: in year before ionization, 3 years with first ionization unit (Section A), and 1 year with a new ionization unit (Section B; fourth year). Box plot: median, 25th-75th percentile, minimum-maximum.
until the temperature was constant. One-liter water samples were used in the examination for Legionella, with a detection limit of 1 cfu/L. Activated carbon-yeast extract agar supplemented with iron and cysteine (Oxoid, Wesel, UK) was used to culture Legionella after concentrating the 1-L sample by filtering it on cellulose nitrate filters (0.45-mm pore diameter). The residue on the filter was resuspended in phosphate buffer and plated onto the agar. After 8-10 days of incubation at 37ЊC, Legionella was identified by direct immunofluorescence (antiserum from Viramed, Munich, Germany).
Water samples for the determination of metal concentrations were collected in acidified (1% HNO 3 ) polypropylene vials. Silver and copper concentrations were determined by atomic absorption spectrometry [8] . The detection limits were 10 mg/L for copper and 0.5 mg/L for silver. Total and free chlorine levels were determined photometrically with 4-amino-N,N-diethyl-aniline-sulfate reagent.
Data are presented as median values of 1-year periods. Because of the nonparametric distribution of values, comparisons between data of these periods were performed with the Wilcoxon matchedpairs test. Multiple regression analysis was used to determine the importance of predictors mainly responsible for Legionella counts. To compensate for the skewed distribution of the counts, the log values were used for the F-test. Independent variables (e.g., temperature and metal concentrations) were each introduced into the model.
Results
In the year before activation of the silver-copper units, the median concentration of L. pneumophila in samples ( ) n = 14 from the hot water system was 40,000 cfu/L (range, 50-150,000 cfu/L; figure 1), and the frequency of Legionella species isolation was 100%. Before silver-copper ionization, the silver concentration was below the detection limit, and the copper concentration reached 200 mg/L.
After the silver-copper ionization system started, a significant ( ) reduction in Legionella counts was found during the P ! .001 first year, compared with the prior period (figure 1). Legionella was detected in 52 (55%) of 94 samples per liter and in 16 (17%) of 94 samples per millimeter. Legionella concentrations decreased to a median of 7 cfu/L (range, !1-110,000 cfu/L). Silvercopper ionization produced a marked (3.8-log) reduction in Legionella. During this investigation period, silver concentrations ranged from 2.3 mg/L to 20.8 mg/L (median, 6 mg/L;
; figure 2). Copper concentration remained at a median n = 73 of 200 mg/L (range, 131-1159 mg/L).
In the second year of silver-copper ionization, a median silver level of 5 mg/L was measured (range, 2-14 mg/L; ; figure n = 13 2), and the copper content decreased to a median of 173 mg/L (range, 99-207 mg/L). During the second year, Legionella counts slightly increased to a median of 1300 cfu/L (range, !1-670,000 cfu/L; ; figure 1), and 13 (76%) of 17 samples revealed n = 17 Legionella in 1 L, and 9 (53%) of 17 in 1 mL.
In the third year after activation of the units, a marked increase in Legionella was detected (median, 10,000 cfu/L; range,
). The percentage of positive Legionella n = 37 samples ( ) was 78% in 1 L and 70% in 1 mL. Silver n = 29 concentrations ranged from 3 mg/L to 23 mg/L (median, 5.0 mg/ L), and copper concentrations ranged from 102 mg/L to 377 mg/L (median, 230 mg/L).
Despite a beneficial effect during the first 2 years, our longterm investigations revealed insufficient eradication of Legi- onella from the study object. To investigate the effect of higher metal concentrations on Legionella counts, the new silver-copper units in the fourth year went into operation with more power, generating higher silver levels. In the fourth year of silver-copper ionization, the median silver concentration increased to 30 mg/L (range, 6-44.6 mg/L;
). Compared with n = 20 those in the previous year, silver levels were significantly higher ( ).
The copper concentration showed only minor alterations (median, 192 mg/L; range, 155-560 mg/L;
). During opn = 20 eration of the new units, Legionella counts dropped to a median of 500 cfu/L (range, !1-20,000 cfu/L; ). Compared with n = 20 Legionella counts in the year before, only a slight (1.3-log) reduction was induced, but statistically this effect was not significant ( ). The Legionella recovery rate was still 75% P = .071 in 1 L of water and 45% in 1 mL.
Besides metal contents, the hot water temperature was also monitored (figure 1). In the year before silver-copper ionization, the median water temperature was 46.8ЊC (range, 43.4ЊC-59.4ЊC;
; figure 1 ). After silver-copper ionn = 14 ization, the median temperature was 49.4ЊC in the first year (range, 42.3ЊC-66.6ЊC; ); 51.3ЊC in the second year n = 80 (range, 43.3ЊC-63.7ЊC; ); 47.7ЊC in the third year (range, n = 17 36.5ЊC-64.2ЊC; ); and 49.5ЊC in the fourth year (range, n = 37 42.8ЊC-60.3ЊC;
). No significant difference in the hot wan = 14 ter temperature during these years could be found.
The content of free and total chlorine was determined in the first 2 years of the study. The median before-ionization values for free and total chlorine content were 0. For the first 2 years of the study, the model used for multiple regression was composed of 5 predictors: the hot water temperature, the concentrations of silver and copper, and the concentrations of free and total chlorine. Eighteen percent of the variance in the Legionella counts could be explained by the silver content ( ; ), and 17% by the hot water R = 0.423 P ! .001 temperature ( ; ). The copper content had only R = 0.586 P ! .001 a minor influence on the Legionella counts (5% of the variance), whereas free and total chlorine had no influence. The final multiple-regression value was 0.651. Nevertheless, some years ago when we used more power to generate higher silver levels, the correlation between Legionella and the silver concentration was weak. For the third and fourth years of ionization, the final multiple-regression value was 0.875. Hot water temperature was the major parameter in controlling Legionella ( ; ; 72% of the variance). R = 0.848 P ! .001 Only 5% of the variance of the Legionella counts could be explained by the silver levels ( ; ). R = 0.875 P = .009 The most important predictor for all 5 years of investigation was the hot water temperature ( ; ), contrib-R = 0.524 P ! .001 uting 27% to the explained variance, whereas the silver content had only a minor influence on Legionella counts (7% of the variance). Copper concentration had no significant effect on Legionella counts.
Discussion
The use of silver-copper ionization in the hot water system of the university hospital complex caused a significant reduction in Legionella contamination. Our investigations revealed no correlation between copper concentrations and Legionella counts, but contamination with Legionella was affected by the silver content of the hot water system. During the first-year observation period, a very good effect was achieved with metal concentrations complying with the German drinking water regulations [9] . The drinking water regulation limit for silver is 10 mg/L. This value is not strictly based on a toxicological evaluation but is a precautionary measure, and exceptions are very rarely made.
Our study contradicted other observations [4] [5] [6] , whose investigators needed higher metal concentrations to eliminate Legionella (silver, 130 mg/L; copper, 1300 mg/L). We successfully used average silver concentrations of 6 mg/L. One explanation for this could be the water temperature. The microbicidal action of silver and copper increases significantly at an elevated temperature [10, 11] . Liu et al. [4, 6] and Miuetzner et al. [5] did not give information about the temperature in the hot water systems investigated. In our study object, the majority of hot water samples had a temperature 145ЊC, up to 66.6ЊC. The relatively high temperature probably acted synergistically with the metals.
In addition, the chemical composition of the hot water is an important factor, which until now has not been systematically investigated. In our study object, the hardness of the water was low. It has been shown that silver-and copper-induced inactivation of Legionella depends on the quality of the test solution [11] . Lin et al. [12] reported a 6-log reduction in L. pneumophila after 2.5 h of incubation in vitro, in deionized water buffered at a pH of 7.0 and ionized with copper (100 mg/L). However, an identical effect was not produced by silver (80 mg/ L) before 24 h.
Our in vitro studies with tap water from the hospital where we conducted our present study revealed results that opposed those of Lin et al. With an 80-mg/L concentration of silver, a 5-log reduction in L. pneumophila was induced after 1 h, but with copper (in concentrations up to 1000 mg/L) there was no significant inactivation response after 1 h [11] . The individual parameters in a hot water system, such as temperature, water composition, and circulation, may result in different biological availability and activity of metallic ions generated from a silvercopper ionization unit.
However, our long-term investigations clearly revealed that average silver concentrations !10 mg/L did not cause a persistent reduction in Legionella in our study object. The beneficial effect of the ionization system lasted for about 1 year. In the initial phase, a 3.8-log reduction in Legionella was achieved with silver levels !10 mg/L, but 3 years later only a 1.3-log reduction was induced with 5-fold higher silver concentrations (figures 1-2) .
Multiple regression analysis revealed that, besides temperature, the silver content of the water was the most important influencing factor responsible for Legionella counts in the initial phase. Some years ago, silver concentration had only a minor influence. Parameters known to influence the silver toxicity, such as water chemistry and temperature, did not change significantly during those investigation periods. Therefore, it must be considered that Legionella developed resistance to silver ions during the 3-year period in which silver-copper levels in the hot water were low. With regard to Legionella isolates, no resistance to silver has been reported. However, plasmid-encoded adaptive tolerance of high silver levels has been demonstrated in several other bacteria, for example, Enterobacteriaceae and Pseudomonadaceae; when they were pregrown in the presence of silver in vitro, an increased resistance was induced [13] . A similar effect may have occurred in the silver-copper-treated hot water of our study object during the 4-year study period.
In summary, over the long term, silver-copper ionization was insufficient for the eradication of Legionella from the hot water system of a hospital. With silver levels within the limit of the German drinking water regulation (10 mg/L for silver), Legionella contamination could not be controlled for 11 or 2 years. Therefore, silver-copper ionization for long-term Legionella control in water systems of German hospitals cannot be recommended. At present, no other reports about the long-term efficacy of hot water treatment with low silver-copper levels are available.
